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Abstract

Phytoplankton biomass and productivity in South San Francisco Bay are low except for periods of rapid
increase that can occur in spring. The spring bloom is typically associated with density stratification of
the water column that is induced by river flow. In the past decade of climatic and hydrologic extremes,
the magnitude of the annual spring bloom (meanbiomass and estimated primary production) wasstrong-
ly correlated with the magnitudeof river flow during the wet season. Thisinvestigation demonstrates one
mechanism, of many, through which climatic and hydrologic variability can lead to variability of biolo-
gical processes in estuaries.
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Introduction

The growing interest in climate variability is motivated by the prospect that
human activities will ater global temperatures. The ability to anticipate specific
climatol ogical responses to global warming islimited, and we have an even more
rudimentary knowledge of how complex ecological systems, including those of
the coastal zone, might respond to altered climate regimes. One effective ap-
proach to pursue thistopic isthrough long-term observational programsthat can
be used to exploit natural experimentsdf climate variability. This approach is par-
ticularly instructive during climate extremes such as those in western North
America during the past decade. Selected data from a study of San Francisco Bay
during that period illustrate one response of estuarine ecosystems to climate vari-
ability at two important time scales. Both seasonal and interannual variationsin
precipitation and runoff inthetributary river basinshave alarge influence on the
physical structure and phytoplankton dynamics of this estuary.

San Francisco Bay is the estuary of Californias two largest rivers, the Sacra
mento and San Joaquin, which have a combined drainage area of 160000 km?.
River discharge to the estuary is highly seasonal and 65% o the total annual
runoff occursfrom January to April. Asaconsequence, theriver-driven circulation
patterns and longitudinal distributions of salt, nutrients, suspended sediments
and biota of San Francisco Bay al vary
markedly from the summer-fail dry sea it |
son to the winter-spring wet season Oakland
(Cloern & Nichols 1985). In addition, San 82
large interannual variations in precipita Francisco
tion and river runoff are associated with ... »
interannual variations in atmospheric cCir- i
culation (Cayan & Peterson 1989), which ! 2
have been remarkable in the past decade. o
The continuous study o phytoplankton i
dynamics in the southern part of San ‘
Francisco Bay during this period provides !
an example of how one biological corn- Ml b
munity can respond to climatic-hydrolo- N
gic variability at these longer time scales. b HE Bl

z
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M ethods

Sampling was at fixed locations (Figurel)
along the longitudinal axis of South San
Francisco Bay to define hydrographic pro-
perties (salinity, temperature, turbidity)
and phytoplankton biomass along the
deep channel. Sampling frequency was
monthly or fortnightly during periods of
low phytoplankton biomass, and was ac-
celerated (to twice weekly) during the
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Figure 1.

Position of sampling locations
along the channel of South
San Francisco Bay (California,
USA). Inset showsthe loca
tion of major tributaries, the
Sacramento and San Joaquin
Rivers.
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Figure 2.
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spring phytoplankton blooms. Results presented here are from 217 such sampling
cruises conducted from 1980 to 1987.

Vertical profiles of salinity and temperature were obtained by pumping water
to an induction-type salinometer and thermistor (Schemel & Dedini 1979), from
the surface to near-bottom. Water density (as o) was calculated from Knudsen'’s
(1901) equations, and the vertical density gradient (Acy/h) was calculated as the
difference between bottom and surface o, divided by water depth h. Phyto-
plankton biomass was mapped as chlorophyll-a concentration estimated from in-
vivo fluorescence, which was measured with a Turner Designs Model 10 fluorome-
ter. The fluorometer was calibrated each cruise with five to ten discrete chloro-
phyll-a measurements. Samples were collected onto Gelman A/E filters and
chlorophyll-a concentration was determined spectrophotometrically (Strickland
& Parsons 1972) from acetone extracts, using the phaeopigment correction of
Lorenzen (1967). The mean deviation between discrete measures of chlorophyll-
a and estimated chlorophyll-a from in-vivo fluorescence was less than 10 %.

The light attenuation coefficient k;(m~!) was determined either from vertical
profiles of irradiance (using a LiCor 192§ quantum sensor) ot from Secchi depth
(Sd, m) using the relation k; = 0.40 + 1.09/Sd (r? = 0.89) determined from 278 si-
multaneous measurements of k; and Sd made during 1980. Photic depth (Z;) was
calculated as the depth of 1% surface irradiance [= -In(0.01)/k].

Primary productivity was measured at station 27 (mid-Bay, Figure 1) on 41 dates
between 1980 and 1982. *Carbon uptake was measured with samples held for 24
h in a deck incubator receiving natural illumination. Nickel screens were used to
simulate irradiance at eight depths, from the near-surface to Z, (Cole & Cloern
1984). Integral daily productivity in the photic zone was then calculated by trape-
zoidal integration. These measurements were used to develop an empirical model
for estimating daily productivity on other dates, as follows:

The rate of photosynthesis p is a hyperbolic function of irradiance (I), such as
(Peterson et al. 1987):

p() = Bpmax [l —exp(-al)], (1)
where B is biomass (mg chl-a-m™3), pmax IS maximum photosynthetic rate
(mg C-mg~!chl-a-d-!), and « defines photosynthetic efficiency. Then, the depth
distribution of photosynthesis in a well-mixed photic zone is:

p(Z) = Bpmax [1 —eXP(“ alp GXP{—ktZ})] ’ (2)
where z is depth, k; defines light attenuation with depth, and I is surface irradi-
ance (Einsteins - m~2.d-1). Using the series approximation [exp(x) =1 + x + ...],
equation (2) can be rewritten as:

p(2) = Bpmax[aloexp(-ki2)]. 3)

This approximation can then be integrated from the water surface to depth Z,,
yielding an expression for integral daily production in the photic zone:

Zp
f p(2)dz = P' = 0.99 apmax |B-Io/ki] - (4)
i)

Equation (4) implies that integral productivity
in the photic zone is a linear function of biomass
[B] times an index of light availability [In/k,]. The
41 measurements of daily productivity in South
San Francisco Bay were fit to equation (4) by linear
regression (Figure 2), giving:

P'(mg C-m=2-d1)=5.16 [B-Io/k:] . (5)

. Equation (5) was used to estimate daily produc-
tivity for the period 1980-1987, using: B = mean
.« chlorophyll-a concentration between stations 24

P 516 (B4,/k) and 30 (interpolated between sampling dates); k; =

2 _oes mean attenuation coefficient along that transect;

Syx= 165 and Iy = daily irradiance measured at San Jose (Bay
Area Air Pollution Control District). Note that
equation (5) estimates daily primary productivity
in the photic zone, which can differ substantially
from productivity over the water column depth

200 300 (Cloern 1987).
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Results and discussion

During this eight-year period, freshwater inflow to San Francisco Bay varied over
two orders of magnitude, spanning the full range of hydrologic conditions ob-
served this century. For the period of record 1921-present, the highest January-
April river flow into San Francisco Bay occurred in 1983; 1986 and 1982 were the
years of 7th and 10th highest inflows, respectively. However, inflow was among
the seven lowest values during 1981, 1985, and 1987.

During the dry seasons and during dry years, South San Francisco Bay was ma-
rinein character (salinity=30 %o) and vertically mixed. However following major
runoff from winter storms or spring snowmelt, sufficient buoyancy was intro-
duced from freshwater inflow to alow for density stratification. The degree of ver-
tical stratification is modulated by tidal stirring (Haas 1977, Sinclair et al. 1981,
Cloern 1984), which varies over fortnightly (neap-spring)and lunar monthly fre-
quencies. As an example, Figure 3 shows the vertical density gradients during
spring-neap-spring tide sequences of an extreme dry year (1987) compared to an
extreme wet year (1983). Throughout 1987 the density gradients were small, in-
dicating that the water column was well-mixed (top panels, Figure 3). However
following large freshwater inputs during 1983, the water column became highly
stratified during neap tides (Figure 3) when the production of tidal kinetic energy
was insufficient to overcome buoyancy forces.
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All periodsof strong stratification (Ao, / h > 0.5) observed in South San Francisco
Bay over the past decade have coincided with rapid increases in phytoplankton
biomass. During the April 1983 stratification event, phytoplankton biomassin the
surface layer increased about fourfold in one week (lower panels, Figure 3). Similar
responses occurred during the other years of high river flow and strong density
stratification. In contrast, phytoplankton biomass was persistently low and homo-
geneously distributed during 1987 (Figure3) and the other dry yearswhen density
stratification was weak.

The connection between density structure and phytoplankton population dy-
namics may result from two mechanisms. Firgt, the formation of adensity discon-
tinuity slowsthe rate of mixing and effectively partitions the water column into
two layers that intermix slowly. Algd cellsin the upper layer receive sufficient
light energy to sustain rapid photosynthesis and cell division (nutrient concen-
trations typically exceed levelsthat limit phytoplankton growth: dissolved N > 15
uM, P>5pM, S > 50 uM, Conomos 1979). This contrasts with periods of mixing

‘ Chlorophyll-a

Spring tides

Figure 3.

Vertical distributions of
water density (o) and
chlorophyll-a concentration
(mg.m3) along the channel
of South San Francisco Bay.
comparing April 198i with
April 1983.
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Figure 4.

A: Mean monthly inflow to
San Francisco Bay from the
Sacramento-San Joaquin River
drainages, 1980-1987 !Cdli-

fornia Dept. Water Resources);

aso shown is the mean densi-
ty gradient (Agz/h) at stations
24, 27, and 30 (Figure 1).

B: Mean near-surtace chloro-
phyll-n concentration be-
tween stations 24-30.

C: Estimated daily primary
productivity, from equation (5)

when mean light exposure in the entire water column is insufficient to sustain
rapid population growth (Alpine& Cloern 1988). Second, the loss rate of phyto-
plankton biomassto benthic grazers may also be related to vertical mixing inten-
sity. Molluscs, polychaetes, and other sessile suspension feeders are sufficiently
abundant to consume all phytoplankton production in South San Francisco Bay
(Cloern 1982). However the actual rate of phytoplankton removal by this com-
munity isinfluenced by the diffusive transport of phytoplankton cellsto the nar-
row zone above the bottom sediments where ingestion occurs. This vertical flux
of algal biomass is presumably small under stratified conditions, when tidal stir-
ring isweak and when algal biomass is produced in the upper layer faster than it
islost dueto sinking.

If density structure of the water column respondsto freshwater inflows, and if
phytoplankton dynamics follow closely the degree of density stratification, then
temporal variationsin the abundance of phytoplankton are expected to have sea
sonal and interannual components reflecting these components of variability in
river flow. Both components are evident in the time series of river flow and phy-
toplankton biomass for the period 1980-1987 (Figure4 A,B). The seasonal charac-
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ter of the hydrograph is evident, with peak flows generally occurring January
through April. Phytoplankton biomass had similar seasonality, but with increases
occurring during March-May; biomass was persistently low the remainder of the
year when river inflow was also low. During years o high river discharge (1982,
1983, 1986), the South Bay had episodes of strong stratification (Figure 4A). In
these years the spring phytoplankton bloom persisted over a period of months
and was characterized by very high biomass near the times of strongest stra-
tification (Figure4B). However, the dry years (particularly 1981, 1987) were char-
acterized by weak stratification and short (<1 month) bloom events with smaller
biomassincreases (Figure4B). Thus the magnitude of the spring bloom was highly
correlated with river flow (FigureSA). Thiscorrelation (r = 0.87) was significant at
p < 0.01 (the more conservative Spearman rank correlation, which may be more
appropriate for thissmall number of observations, indicates asignificance level of
p < 0.05).
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The correlation between phytoplankton biomass and river flow suggests the
possibility that variations in annual primary production are the result o hydro-
logic variahility. The time series of estimated daily productivity (Figure 4C), de-
rived from equation (5), was used to explore this possibility. Estimated daily pro-
ductivities were summed over the months February-May for each year. These es-
timates of total spring primary production ranged from about 40t0110g C.m2,
and also were correlated with river flow (Figure5B). This correlation (r = 0.81) was
significant at p < 0.025 (or p < 0.05 using the rank correlation). Note the anomaly
o 1985 when primary production was relatively high in the absence of high river
flow. Thisindicates that secondary mechanisms, such aslocal weather conditions
(e.g. wind speed, cloud cover), contribute to the variability of biomass and pro-
duction at the seasonal time scale. However, the correlation coefficient between
spring production and river flow indicates that about 65 % of the variability of an-
nual primary production is correlated with river discharge.

Therefore afundamental biological process, the photosynthetic production of
biomass, is regulated largely by variations in climate (winter precipitation and
river discharge), mediated by the hydrologic influence on vertical mixing inten-
sity. Other biological processes and communities respond to these seasonal and
annual variations in primary production. For example, the abundance and pro-
ductivity of pelagic bacteriaincrease about tenfold in South San Francisco Bay dur-
ing the spring bloom (J.T. Hollibaugh, pers. comm.). In other coastal systems mi-
crobia activity in the sediments (Graf et al. 1983, Hargrave 1973, Indrebe et al.
1979), and associated rates of nutrient regeneration (Kely & Nixon 1984), also re-
spond to inputs of phytoplankton biomass following blooms. Zooplankton bio-
mass (copepods and ciliates) is generally highest in South San Francisco Bay dur-
ing spring when primary productivity peaks (Cloern & Nichols 1985). Seasonal
and annual variability in the growth rate of benthic herbivores (e.g., the clam
Macoma balthica) also parallel that of phytoplankton production (Thompson &
Nichols 1988).

These results suggest that much of the ecological and biogeochemical variabil-
ity in this estuary is driven, ultimately, by variations in precipitation and river
flow. Few long-term records of primary production exist for estuaries, so it is
difficult to speculate on the generality of this conclusion. However, it is known
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Figure5. A: Mean phyto-
plankton biomass during
spring months (February-
May) of 1980-1987, versus
mean river flow (January-
April). B: Estimated total
phytoplankton production
(February-May) versus spring
river flow.
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that other mechanisms exist for hydrologic control o estuarine production. For
example, annual delivery of nutrients from the Susquehanna River to upper
Chesapeake Bay appearsto determine, in part, annual phytoplankton production
in that estuary (Malone et al. 1988). Sustained investigation, across a spectrum of
estuary types, is therefore required to develop general insights into the mecha-
nisms through which climatic-hydrologic variability determines biological vari-
ability in estuarine ecosystems.
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Résumé

La biomasse et la productivite phytoplanctoniquesrestent basses dans la baie de San Francisco sauf pen-
dant des periodes de croissance rapide se produisant au printemps. La floraison printaniére est typique-
ment associce alastratification delacolonne d'eau dependant elle-méme du debit des apports continen-
taux. Au cours de la derniere decade, connue pour ses extremes climatiques et hydrologiques, I'impor-
tance delafloraison printaniere del'annee (biomassemoyenne et production primaire estimee) est forte-
ment correlee au debit des rivieres au couru de la saiton humide. L.e present article démonte un mécan-
isme, parmi d'autres, sur lequel peuvent jouer la variabilité climatique et hydrologique conduisant a la
variabilite des processus biologiques en estuaires.





